Introduction
Lowering the drag associated with a bluff body such as a sphere is of both fundamental and practical importance. For example, when designing a golf ball, dimples are created on its surface to lower the Reynolds number, at which the drag crisis occurs, enabling it to travel a longer distance compared to its smooth surface counterpart. It is now known that the standardized dimple design has not been optimized to give the golf ball the best aerodynamic performance. This appears to be partially due to the fact that turbulence has not been carefully considered in the classical design.
In this paper it is investigated experimentally how the surface roughness affects the drag on a sphere. It is examined how pressure and velocity varies around a sphere with a rough surface placed in a cross flow. The sphere is placed in the center of a water-tunnel and the LDA measurements are taken around the body in the sub-critical Reynolds number regime. Comparison is made between the numerical and experimental results for the three different free stream velocities and Reynolds number effects are discussed. Extensive research efforts have been dedicated to understand the aerodynamics of a smooth sphere in no turbulent (or smooth) flow conditions. A collection of experimental and numerical data can be found in existing literatures and papers (Shepherd and Lapple [1] , Torobin and Gauvin [2] , Clift and Gauvin [3, 4] , Achenbach [5] , Schlichting [6] ). The flow pattern around a sphere, particularly in the wake region, varies with the Reynolds number. For 10 3 < Re < 10 5 , the vortex loop shedding becomes nearly a continuous process, Lamb [7] . Experimental investigation and flow visualization, Bakic and Peric [8] , and Bakic et al. [9] , shows that the far wake region continues to grow in size and produces a wave-like motion. As we approach the critical Reynolds number, Re cr ≈3.5×10 5 , the boundary layer around the sphere transits from laminar to turbulent, leading to the increased momentum near the boundary and the delay in flow separation as showed by Cengel and Cimbala [10] . The wake region becomes narrower, resulting in a sudden reduction in the drag coefficient [11] . Although several studies have been experimentally and numerically conducted for understanding the characteristics of flow over a sphere, there have been only a few works on control of flow over a sphere using passive and active devices (Achenbach [12] ; Bearman & Harvey [13] ; Kim & Durbin [14] Suryanarayana & Meier [15] ; Suryanarayana & Prabhu [16] ). As for passive devices, Achenbach [12] and Bearman & Harvey [13] applied surface roughness and dimples on the sphere, respectively. It is well known that the relation between the Reynolds number and the drag coefficient of a sphere have the sub critical, the critical and the super critical region. In the sub critical region, the drag coefficient shows constant value. In the critical region, the drag coefficient decreases suddenly and reaches a minimum value. In the super critical region, the drag coefficient gradually increases after suddenly decrease. Also, it is known that the critical region is influenced by the surface structures which are the roughness and the dimple etc. The turbulence transition on flow is promoted by these surface structures, as a result, the critical region shifts to the lower Reynolds number. If an optimum surface structure for reducing the drag is clarified, the flow resistance will be able to be controlled effectively. Mentioned Achenbach and Bearman & Harvey studies achieved maximum drag reduction of nearly 50% in the sub-critical region, but the drag-reduction pattern by dimples was essentially different from that by surface roughness. That is, maximum drag reduction by dimples is maintained over a broad range of Reynolds numbers in the sub-critical region, whereas surface roughness produces maximum drag reduction only in a very narrow range of the Reynolds numbers. However, the relation between the drag and the flow pattern around a sphere with surface structures has many uncertainly parts because the flow around a sphere with surface structures is complex.
To the best of our knowledge, however, the detailed mechanism responsible for drag reduction by dimples or surface roughness has not been clearly presented yet, although it is believed to be associated with triggering the boundary-layer instability. This is mainly due to the measurement difficulty near the sphere surface.
Ting [17] studied the effects of dimple width and depth on the aerodynamic characteristics for a golf ball by CFD. Aoki [18] studied the effects of dimple number, depth and shape on the aerodynamic characteristics for a golf ball by some experiments and CFD (LES). The final purpose of this study is detail experimental and numerical analysis of flow pattern around a sphere with dimples in order to determine velocity field, separation point, pressure and drag coefficient, the length of reverse flow region in the wake and RANS turbulent model which gives the best results for engineering practice.
Experimental Setup and Measurements
Velocity measurements around a sphere with dimples have been carried out in the water tunnel, using Laser-Doppler Anemometry (LDA).
The Laser Doppler Anemometry (LDA), is probably the most effective and widest applied non-intrusive method in experimental investigations of flows and flow dynamics. It represents an optical, state of the art method commonly with high measurement accuracy. As a result of fundamental developments and the developments of hard-and software, the LDA method has been established to be a very efficient and high accuracy optical technique for flow measurements, especially for investigations of complex turbulent flows. The special properties of the gas laser, which provides monochromatic, coherent, linearly polarized light wave of low-divergence beam (Gaussian distribution), make the LDA appropriate and highly accurate method for flow velocity measurements [19, 20] . The LDA measurement error is extensively analyzed by Zhang [21] . As the measurement is performed through a flat glass fringe distortion effect is ignored and the measurement error caused by velocity bias effect have maximum value of 1.5%. The measuring interval was set to 60 seconds, or/and 2000 particles.
The test setup with open water circulation loop, made for this and similar purposes in the Laboratory of Hydraulic and Pneumatic Research of the Faculty of Mechanical Enginee-ring, University of Nis, is shown in Figure 1 . In Figure 2 is shown the test setup schema with its essential parts.
Fig.2 The schema of experimental setup and its essential parts
For the water velocity measurements the backscatter DANTEC laser-Doppler system, (Flowlite LDA) was used with BSA F60 signal processor in coincidence mode. Basic operating parameters of LDA system are: the measuring volume is 0.05x0.05x0.43mm (x=y=0.05mm, z=0.43mm), the distance between the laser beams at the transmitting lens is 38,4 mm, Gaussian beam Normal impurities in the water provide sufficient concentration of particles and there is no need for additional seeding.
The measuring section of the experimental setup is placed in the quadratic duct a=92.5mm, and its length is 240 mm. The total length of the quadratic section is equal to 18a, and at the entrance of the section flow straightner is placed in order to obtain uniform velocity distribution. Measuring of the incoming flow velocity profile and turbulence intensity is carried out in the front window ( Figure  2 ). The measured free stream turbulence intensity is in the range from 3 to 5%.
The diameter of the sphere with dimples is 38 mm. Dimples are arc type shaped, where the width of dimple is d=3.5 mm, the depth of dimple is h=0.4 mm and the distance between dimples is b=0.4 mm ( Figure. 3).
The desired discharge is obtained adjusting the pump speed by using a variable-frequency drive. For the purpose of this investigation, the experimental setup has been operating in the range of U 0 =0.2m/s to 1.2 m/s, obtaining Reynolds number from 810 3 to 410 4 .
Numerical Simulations
Numerical simulations of the flow around a sphere with dimples have been carried out using ANSYS CFX software, in a procedure beginning with creating a geometrical model of the measuring section, generating a discretization mesh and defining all necessary pre-processing parameters, such as boundary conditions, turbulent models, fluid properties and other physical parameters. The software used for numerical simulation is based on finite volume method, enabling the division of numerical domain into the sub-regions or control volumes. The discretized governing equations are iteratively solved over each control volumes. As a result, an approximation of each value of each variable at specific points through the domain can be obtained, enabling the insight into the fluid flow behavior through the entire numerical domain.
The generated discretization mesh is nonuniforme, created of approximately 750000 nodes and 1700000 elements, which are composed of: tetrahedral and prismatic control volumes, taking into account the structure of the mesh, especially in the area around the sphere with dimples. Grid sensitive quantities such as the drag and lift coefficients are checked and compared with literature [22, 23] in order to ensure that the results are grid-independent. The grid density near the solid wall for a given Reynolds number should be fine enough to resolve the smaller scale eddies that arise via shear layer instabilities. Here, the grid Reynolds number of 1 y   is used for the very first grid point from the wall to have the best prediction of the flow field (Fig.4) . Once the fluid domain has been meshed, the governing equations (in integral form) are applied to each discrete control volume and used to construct a set of non-linear algebraic equations for the discrete dependent variables. Calculation procedure stores discrete values of the variables at the cell centers, however values of the variables are required at the cell faces for the convection terms in the equations and these must be interpolated from the cell centre values. This is accomplished using an high resolution scheme, where the advective flux is evaluated using the values from the upwind node, based on the boundedness principles used by Barth and Jesperson [24] . Numerical simulations convergence criteria were that root mean square values of the equation residuals are lower than 10 
Analysis of experimental and numerical results
Comparison of experimentally and numerically obtained dimensionless velocity profiles around the sphere with dimples for several different cross sections and different turbulence models are presented in Figure 5 .
Four different turbulence models have been tested and validated against experimental data. For Re=20000 numerical simulations for different turbulence models were carried out in order to observe which one obtains the best profile coincidence. For various cross-section compared, it was concluded that the best results are obtained with k-ω turbulence model (Fig.5) .
The k- turbulence model is proven to be unsuitable for flows with boundary layer separation and flows over curved surfaces. On the other hand SST and BSL turbulence models, which showed very good agreement in the case of smooth sphere [27] , for the flow around the sphere with dimples, results in lower velocities, especially in the area of vortex shedding. Therefore, numerical simulations for other flow regimes were performed using k-ω turbulence model. The comparison in Figure 7 , as it was the case in Figure 6 as well, shows satisfying agreement between experimentally and numerically obtained results for axial velocities.
The major difference in results, for both flow regimes, appears in the areas near the duct wall and behind the sphere as well, which indicates the necessity to apply unsteady simulations (URANS, DES or LES) in order to adequately resolve shedding mechanisms and wake frequencies. The position of separation point, defined as an angle measured from the forward stagnation point ( s ) is given in Table 1 , for various flow regimes. The results show slightly larger separation angles compared to the smooth sphere, as expected, but the trend is very similar in function of the Reynolds number [28] . ), depending on dimple's geometry. The length of reverse flow region in the wake was determined by measuring the velocity in several points around the axis, behind the sphere with dimples. As flow measurements by means of LDA technique always require particles being suspended, the criterion for determining the length of this zone is defined as point where the averaged velocity obtained for the 2000 particles is equal to zero. It is the minimal length of recirculation zone measured from the sphere axes. The other approach is to find the measuring cross-section containing all positive flow velocity values for particles, and such obtain recirculation zone has increased length then previous one.
The relative length of recirculation zone (x/d), according to the defined criterion, was also obtained using numerical simulations for all three investigated flow regimes, and these results were compared in the diagram (Fig. 11) showing excellent agreement. It is noticeable reduction of relative length of recirculation zone (x/d) with Reynolds number increase, and for 810 3 ≤Re≤410
4 ,
x/D=1.120.92. Measured and numerically obtained water velocity along the sphere with dimples (using RANS and DES numerical simulations), in the mid-section of the tunnel from the forward to the rear stagnation point, and for the flow regime Re=210 4 , is shown in Fig.13 . The vortices on dimpled surfaces are created inside the concave cavities. The flow separates at the leading edge of the dimple and the separated shear layer is drawn into the dimple cavity where it reattaches downstream. As the Reynolds number increases, the recirculation zone gains in strength and extends further downstream in the dimple before reattachment. The vortices created near the dimples causes a significant pressure distribution and velocity gradients, and as a consequence, it is expected that the strong velocity and pressure fluctuations take place. We consider therefore the velocity distribution from the forward to the rear stagnation point at the sphere surface may serve as a good test case for DES and RANS model and also for the investigation on the relationship between the largescale vortical structure and the contribution of the velocity-pressure correlation in the balance of turbulence characteristics, e.g. the turbulent kinetic energy and the Reynolds stress. The obtained results show a similar trends but the numerical values in some sections have a very large deviation. For this reason our future research will be devoted to analyzing this problem.
The pressure coefficient distribution is shown in Fig.14 , for RANS and DES numerical simulations for three flow regimes around the sphere with dimples. In the Fig. 14 is also presented the pressure coefficient for smooth sphere dimaeter 40 mm, obtained by DES numerical simulations [29] . The computations of the coefficient of pressure are in good agreement with the experimental results from Aoki [18] . The value and angular position of the minimum in Cp is accurately captured by DES and RANS model. The magnitude of the minimum pressure value is over predicted with RANS model and more accurate results are obtained with DES model. The pressure coefficients at the separation region and the recovery region is slightly lower in the case of RANS model which confirms that DES simulations gives better prediction of flow in this zone. In our previous work [27, 29] the DES model was tested for the flow over smooth sphere and this results shows the excellent agreement with experimental and numerical results presented in numerous papers. Figure 15 shows the variations of the drag coefficient owing passive control with dimples as a function of the Reynolds number. It is shown in Achenbach [12] that, with surface roughness, the drag coefficient decreases sharply and then increases rapidly with increasing Reynolds number, showing a local minimum at a critical Reynolds number (Re cr ). In the case of dimpled sphere examined in our paper and presented in the Fig 3. , the critical Reynolds number is around 7.510
Fig.14 Pressure coefficient, Cp
4 , but there is no rapid increase in drag coefficient with increase of Reynolds number. In presented case the reducing of drag is not so significant (about 30%), but for the wide range of Reynolds number this coefficient remains almost constant, which is very important.
Fig.15 Drag coefficient Cd
Since the front of the sphere, the stagnation region, has a large projected vertical area, small errors in the pressure field will produce large errors in the predicted drag coefficient. There are several important decisions that has to be made before a numerical simulation can be performed. Choice of mesh density, mesh distribution, discretization scheme and turbulence model are all important factors for the accuracy of the result. Usually the high mesh density gives better prediction of the drag but unfortunately, high mesh density demands large computer resources, and high-order numerical schemes and complex turbulence models can cause numerical instability problems. Results presented at the Figure 15 shows that DES model gives slightly less value of drag coefficient, which more coincides with the experimental results obtained by Aoki et al [18] . The only problem with DES simulations is the time required to carry out simulations for one flow regime, and in this case, the time required for one simulation is approximately 72 hours.
Conclusion
The following conclusions have been drawn from the work presented here:  The geometry of dimple has significant effects on aerodynamic properties of the sphere with dimples.  The relative length of recirculation zone reduces, from x/D=1.4, for Re=270, to approximately x/D=0.815 for Re=10 6 , where distance x is measured from the sphere axes. The reduction of relative length with Reynolds number enlargement has approximately logarithmic character.  Due to complex dimple geometry, the critical region of a dimpled sphere shifts toward a lower
Reynolds number compared to that of a smooth ball. Therefore, the dimpled sphere faces relatively lower drag at low speeds.  The reducing of drag for the analyzed geometry of dimples is about 30% and for the wide range of Reynolds number, this coefficient remains almost constant.  When the flow along the surface of a sphere enters a dimple, a small separation bubble is formed in the concave cavities. The consequence of the bubbles formation is the acceleration of the flow between the dimples on the surface of the sphere and the boundary layer undergoes a transition from laminar to turbulent. This transition leads to a delay of the separation of flow from the sphere surface causing a substantial reduction in the drag force.  In future work, special attention must be paid to the numerical simulations and experimental study of flow in the vicinity of the dimples in order to clarify the detailed mechanism responsible for drag reduction by dimples or surface roughness.
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